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Highlights
• Initial stand densities have a large impact on the proportion of mature wood within trees 

throughout most of their life cycle.
• The difference between regimes in volume of long fibres in crop trees could be substantial.
• Long-term silvicultural strategies implemented at juvenile stand ages can be important tools 

in order to produce wood raw material suited for specific end-uses.

Abstract
Trees from 48 to 78 years old, exposed to three different long-term silvicultural regimes, were 
examined for transition ages between juvenile (JW), transition (TW) and mature wood (MW), 
total wood volume and proportions of the same wood types, as defined by fibre length. Twenty 
one sample trees were collected at sites with similar growing conditions within the same geo-
graphical area. Stem discs and fibre samples from breast height (BRH), 20% of tree height, green 
crown height and 70% of tree height were analysed. Trees growing in an environment with few 
neighboring trees (Sparse regime) started to produce MW, on average, five years later at BRH 
and six to nine years later at 20% of total tree height than trees in stands with high stem numbers 
(Dense regime) and trees growing in stands where the stem number had been heavily reduced 
after an initial high stand density (Dense/Sparse regime). For all regimes, the greatest mean fibre 
length was found below the green crown and high initial stem numbers were found to positively 
influence fibre length. The proportion of MW in the whole stem was 34% at Sparse regime sites, 
57–69% at Dense/Sparse sites and 63–64% in sites where there was a Dense regime. The pro-
portion of MW was significantly lower for trees from the Sparse regime on each stem section 
compared. In conclusion, the results suggest that the initial condition a tree faces affects the stem 
wood properties and quality output at the end of the rotation period.
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1 Introduction

Commercial forestry in Fennoscandia generally involves regeneration measures, pre-commercial 
thinning (PCT) to sparse stand stem densities, one or several thinnings and finally a clear-cutting. 
Although this regime is prevalent in Swedish forestry, the area of young, dense forests is increasing 
rather rapidly (Swedish Statistical Yearbook 2011), calling for alternative views on forest manage-
ment regimes. Bioenergy could be derived from dense young forests in a first fuelwood thinning. 
It is important when harvesting dense stands to retain a higher basal area and stem number than in 
a conventional first thinning, in order to avoid production losses (Nilsson et al. 2010). In this way, 
stands are kept dense for a substantially longer time than in conventional management regimes. 

One major concern associated with thinning in young dense stands has been that little is 
known about the further wood properties and quality development of the remaining trees. In gen-
eral, wood characteristics are the result of the interaction between tree age, genetic make-up and 
environmental influence. Although quality traits associated with stand density have been frequently 
reported, most studies seem to focus on the effects of single treatments rather than those of long-
term regimes, using several silvicultural measures over time. For instance, when compared with 
widely-spaced stands, dense stands generally produce trees with a small microfibril angle (Eriks-
son et al. 2006), a high relative density (Yang and Hazenberg 1994; Yang 2002), a low occurrence 
of knots and tapering (Persson 1977) and small branch diameters at the lower part of the stem 
(Johansson 1992; Varmola and Salminen 2004; Fahlvik et al. 2005). 

Sauter et al. (1999) and Ulvcrona and Ulvcrona (2011) have suggested that studies of wood 
should also include potential effects on juvenile wood (JW). JW refers to the innermost section 
of wood within a tree stem. The formation of JW has been explained as being caused by several 
processes, often involving auxin production (Zobel and Sprague 1998). As wood properties gradu-
ally change with age, there is no definite point where the JW zone ends and the mature wood 
(MW) zone begins. The transition age (i.e. the transition zone) has been defined as the change in 
magnitude of one or several anatomical features in relation to the distance to the pith (Dinwoodie 
2000). Thus, three different wood types can be defined, namely JW, transition wood (TW) and 
MW (Boutelje 1968; Briggs and Smith 1986). The determination of JW will thus depend on the 
definition and anatomic feature addressed. In order to define and determine JW proportion, features 
such as density (Clark and Saucier 1989; Kucera 1994; Sauter et al. 1999; Mutz et al. 2004; Gapare 
et al. 2006), fibre length (Yang et al. 1986; Kucera 1994; Yang 1994; Yang and Hazenberg 1994; 
Fries et al. 2003), ring area (Alteyrac et al. 2006) and longitudinal shrinkage (Saranpää 1994) have 
all previously been used. However, fibre length could be the most consistent parameter defining 
transition age between JW and MW since fibre traits could be directly linked to growth trends 
according to Mansfield et al. (2009). 

The age interval at which JW is formed often varies between individual trees and between 
tree species (Panshin and de Zeeuw 1980). The transition age between JW and MW has been 
investigated and reported for several tree species, including: Larix kaempferi 18 years (Zhu et al. 
2000), Picea abies 5–29 years (Kucera 1994; Saranpää 1994), Picea glauca 12–16 years, Picea 
mariana 12–21 years (Yang 1994; Yang and Hazenberg 1994; Alteyrac et al. 2006), Pinus contorta 
13–25 years (Mansfield et al. 2009), Pinus eliottii 10 years (Clark and Saucier 1989), Pinus radiata 
5–22 years (Gapare et al. 2006), Pinus sylvestris 16–27 years (Sauter et al. 1999; Mutz et al. 2004; 
Fries et al. 2003) and Pinus taeda 12–14 years (Bendtsen and Senft 1986; Clark and Saucier 1989). 
Therefore, a general guideline often used is that JW in conifers includes the first 5–25 growth 
rings. Typically, JW is more apparent in conifers than in deciduous tree species (Bendtsen and 
Senft 1986) with higher proportions found in plantation forests compared to natural regenerated 
stands (Bendtsen 1978). Moreover, the length of the growing season (Clark and Saucier 1989) and 
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genetic control (Abdel-Gadir and Krahmer 1993; Gapare et al. 2006) have been found to influence 
the demarcation between JW and MW.

In general, information about the characteristics of raw material facilitates the process of 
optimizing the utilization of the output from active forest management and thus increases the value 
of wood raw material. For JW, a short tracheid length (Panshin and de Zeeuw 1980; Harris 1981; 
Bendtsen and Senft 1986; Yang and Hazenberg 1994), a large microfibril angle (Harris 1981; Bendt-
sen and Senft 1986) and low wood density (Pearson and Gilmour 1971; Harris 1981; Bendtsen and 
Senft 1986) act together and negatively affect the mechanical properties of coniferous trees. Due 
to the large fibril angle, JW tends to shrink in the longitudinal direction after drying (Pearson and 
Gilmour 1971; Saranpää 1994). Therefore, solid wood products containing JW might be unstable. 
Moreover, a tree’s compression wood content is normally heavily concentrated in the JW zone 
(Bendtsen and Senft 1986). The high lignin content, the low amount of cellulose and the high 
moisture content in JW (Uprichard and Lloyd 1980) lead to a complicated and expensive pulping 
process. The chemical content of JW is mainly due to fibre morphology and the thickness of the cell 
wall (Uprichard and Lloyd 1980). Chemical pulp yields per unit volume have been reported to be 
reduced by 5–15% when JW is used (Kirk et al. 1972; Zobel and Sprague 1998). The short JW fibres 
with thin cell walls produce pulp with low tear strength properties, low opacity, high tensile and 
burst strength (Kirk et al. 1972). In the thermo-mechanical pulping process (TMP), JW consumes 
more electricity than MW but produces paper with good strength and optical properties (Myers 
2001). Products such as OSB (oriented strand board), MDF (medium density fibreboard), TMP 
and CTMP (chemithermomechanical pulp) can all be made from JW (Zobel and Sprague 1998). 

The current interest in deriving biomass from dense forest stands means that stem wood 
quality must be monitored so that the subsequent production of pulp and timber is not jeopardized. 
In the process of characterizing the overall quality output of a management regime, the volume 
and the proportion of JW serve as useful indicators. This study therefore aims to clarify whether 
the transitions between juvenile wood, transition wood and mature wood are affected by different 
silvicultural practices in different rotation phases. We hypothesize that the initial environment trees 
face has long-lasting effects on the quality of the wood produced. Thus, we have tested to see if 
the initial conditions (e.g. stand density) affect the length of time before fibres of mature length 
are formed within a tree and what long-term effects could be expected. Therefore, the objective of 
this study was to quantify and compare wood volumes of different fibre length classes within the 
stem of trees in (i) single different treatments and (ii) different conceptual management regimes 
(i.e. a long-term silvicultural strategy) that might be considered in practical forestry. 

2 Material and methods

2.1 Study areas, treatments and regimes

2.1.1 Study areas

The Swedish University of Agricultural Science´s database of long-term silvicultural trials (Karlsson 
and Ulvcrona 2010) was searched for stands that had been subjected to three different management 
regime types. Suitable stand types with a similar site index (SI; Hägglund 1974) and comparable 
altitude levels within the same geographical region were chosen (Table 1). Treatments of various 
magnitudes were chosen to be included in the various management regimes. 
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2.1.2 Dense regime

Sample trees representing a management regime where the trees had been growing within a densely 
populated stand throughout their life were collected from two different treatments at the sites at 
Kulbäcksliden and Svartberget (Table 1). 

The treatments were:
• Natural regeneration, no PCT and no thinning until age 46 (thinning to 1400 stems ha–1) 

when the dominant height was 12.5 m (No PCT; NP) 
• Natural regeneration + planting (1.7 m spacing), no PCT until age 23 (when PCT to 

1500 stems ha–1 was carried out) and no thinning during the following observed 42 
years (No thinning; NT).

2.1.3 Dense/Sparse regime

Three different types of treatment at the sites at Svartberget and Norrliden (Table 1) were chosen 
as representative of trees exposed to a regime where trees initially experienced high competition 
from neighboring trees and later, after PCT and/or thinning, grew without trees in their immediate 
vicinity.

The treatments were:
• Natural regeneration + planting (1.7 m spacing), PCT to 1500 stems ha–1 at age 23 and 

thinning at age 50 leaving (i) the 300 largest stems ha–1 (300L) and (ii) the 300 smallest 
stems ha–1 (300S) for free development during 16 years. 

• Natural regeneration, PCT to 600 stems ha–1 at age 24 when average stand height was 
6 m, no thinning (P600) over the following 32 years.

2.1.4 Sparse regime

Sample trees were collected from two different treatments at locations Åsele and Åheden (Table 1).
The treatments were:
• Planting and maintenance of 3 m spacing (3M) over a period of 44 years
• Planting (3 m spacing) carried out under a very sparse stand density of seed/shelter trees.

Harvesting of seed/shelter trees 5 years after planting and PCT with herbicide treatments 
5–9 years after establishment leaving trees growing in a spacing of 10 m (10M) over a 
period of 55 years. 

Table 1. Geographical position, altitude (meters above sea level), site index (Hägglund 1974) 
and year of stand establishment of the study sites used to compare silvicultural regime types 
(Dense/Sparse = a high initial stand density followed by high intensity pre-commercial thinning/
commercial thinning, Dense = a continuous high stand density and Sparse = a continuous low 
stand density).

Regime type Site name Geographical position Alt. 
(m.a.s.l.)

SI 
(H100)

Year of stand 
establishment

Dense/Sparse Svartberget (SVA) 64°14´N, 19°46´E 210 23 1948
Svartberget 64°14´N, 19°46´E 210 23 1948
Norrliden (NOR) 64°21´N, 19°46´E 240 21 1956

Dense Svartberget 64°14´N, 19°46´E 210 23 1948
Kulbäcksliden (KUL) 64°10´N, 19°35´E 260 22 1934

Sparse Åsele (ÅSE) 64°14´N, 17°33´E 330 23 1964
Åheden (ÅHE) 64°09´N, 19°40´E 195 19 1948
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2.2 Sampling

Three sample trees were chosen randomly within the dominant- and co-dominant tree classes 
of each treatment. Detailed information about all 21 sample trees and their characteristics are 
presented in Table 2. In order to model whole-tree proportions and volumes of JW, TW and MW 
stem discs were removed along the stem. For every sample tree, 20–30 cm thick stem discs were 
removed at breast height (1.3 m), at the lowest height of the living crown and at 20% and 70% of 
the total tree height. Stem discs were measured for diameter, number of rings, width of individual 
growth rings and proportions of earlywood and latewood, using a commercially available scanner 
and the software package WinDENDROTM. From the stem discs, two approximately 3 mm thick 
wood sticks were sawn in the radial direction (from pith to bark) in the north-south direction of 
the trees. The sticks were divided in the longitudinal direction at every third year ring, counting 
from the pith and moving outwards. As the main objective was to find the age at which MW was 
first produced, it was not considered necessary to prepare specimens outside ring number 36. Thus, 
specimens containing three annual rings were taken in order to represent different cambial ages 
within the first 36 year rings.

Table 2. Characteristics of all sample trees included in the study. Site abbreviations are explained in Table 1. 
DBH = diameter at breast height; DGC = diameter at the lowest living branch (not surrounded by two dead 
branch whorls) of the green crown; D70 = diameter at 70% of total tree height. Dense/Sparse = a high 
initial stand density followed by high intensity pre-commercial thinning/commercial thinning, Dense = a 
continuous high stand density, and Sparse = a continuous low stand density. 300L = thinning leaving the 
300 largest trees ha–1; 300S = thinning leaving the 300 smallest trees ha–1; P600 = PCT to 600 stems 
ha–1 at a dominant height of 5m; NT = no thinning; NP = no PCT; 3M = 3 m spacing; 10M = 10 m spacing.

Regime  
type

Treatment Site No. of year 
rings at 

breast height

Height 
 (m)

Height to 
living crown 

(m)

Height to  
living crown  

(% of tree height)

DBH  
(cm)

DGC  
(cm)

D70  
(cm)

Dense/ 
Sparse

300S SVA 46 14.3 6.1 42.7 19.3 14.6 9.7
SVA 47 14.7 7.6 51.7 18.2 13.0 9.1
SVA 46 12.1 6.7 55.4 15.0 10.2 8.1

300L SVA 50 16.7 5.5 32.9 23.8 20.4 11.1
SVA 52 17.1 6.4 37.4 27.0 20.5 12.9
SVA 46 14.1 6.0 42.5 20.5 16.6 10.3

P600 NOR 42 17.6 7.2 40.9 22.4 18.5 11.6
NOR 43 18.6 9.9 53.2 18.5 12.5 9.1
NOR 43 17.6 8.9 50.6 20.3 14.5 10.2

Dense NT SVA 48 18.6 10.5 56.4 16.7 9.7 7.7
SVA 47 15.9 8.5 53.5 14.1 9.5 6.9
SVA 46 17.0 9.0 52.9 16.2 10.5 8.1

NP KUL 69 20.7 13.9 67.1 19.6 13.2 11.4
KUL 64 18.2 12.5 68.7 15.2 8.0 7.9
KUL 65 19.2 12.3 64.1 18.5 9.6 8.5

Sparse 3 M ÅSE 36 13.9 5.7 41.0 17.5 14.1 8.6
ÅSE 37 15.2 5.8 38.2 22.2 16.5 9.8
ÅSE 38 14.5 6.7 46.2 18.1 13.1 9.9

10M ÅHE 43 15.2 3.5 23.0 29.3 26.6 10.8
ÅHE 43 12.9 4.5 34.9 22.0 14.2 7.7
ÅHE 45 13.9 4.2 30.2 27.0 20.5 10.0
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2.3 Fibre analysis

All specimens were visually inspected for occurrence of compression wood. In the cases of obvious 
occurrence, specimens were not further analyzed. Fibre extraction and removal of wood components 
were carried out in accordance with the work by Franklin (1945) and Fries et al. (2003). Specimens 
were placed in test tubes with a mixture of equal volumes of hydrogen peroxide (H2O2) diluted to 
25% and concentrated acetic acid (CH3COOH). Test tubes were stored in an oven (70 °C) until the 
wood was pale, which took approximately 24–30 hours. Once the specimens were removed from 
the oven, they were washed three times in water before being shaken until a homogenous fibre 
suspension was formed. The suspensions were analyzed using a Kajaani FiberLab 3.0 analyzer 
(Metso Automation Inc., Kajaani, Finland). Between every run, each piece of equipment was rinsed 
in order to avoid sample contamination. For calibration, every tenth specimen was analyzed three 
times. In order to eliminate the influence of small fragments, length-square-weighted mean length 
(Fries et al. 2003) was calculated as:

∑ ∑nl nl (1)i i
3 2

where n is the number of fibres in each length class and li is the mid-class length in class i. After 
visual examination of pictures taken during measuring, the maximum fibre length was set to 4.0 
mm and the minimum length was set to 0.3 mm.

2.4 Calculations

2.4.1	Determination	of	transition	age	between	fibre	length	classes

Functions expressing fibre length development over time were fitted in the interval of 0.3–2.8 
mm. For simplicity, in order to keep the number of function expressions to a workable level, two 
different expressions were used:

= +y a bz (2)

= +y a bz cz– (3)2

where y is the fibre length, z is the growth ring number (counted from the pith and outwards), a is 
the intercept and b and c represent the slope of the expression. Suitable expression was determined 
using the standard deviation of the fitted line.

The measurements of each tree were divided into three fibre length classes: < 1.5 mm, 1.5–2.5 
mm and > 2.5 mm representing JW, TW and MW respectively (Boutelje 1968). Transition ages at 
1.5 mm and 2.5 mm were found by setting y equal to 1.5 and 2.5 in the expression used for fibre 
length development (2 or 3). Then x was derived as:

= −z y a
b

(4)

= ± − −z b
c

b
c

y a
c2 2

(5)
2

2

For each individual tree, the arithmetic means of fibre length were calculated within each of the 
three defined length classes. Thus, it was assumed that the fibre length would not increase (or 
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decrease) substantially outside the sample area. Total mean fibre length (xt) was then calculated as:

=
× + × + ×

x
x P x P x P

1
(6)th

ijh ijh ijh ijh ijh ijh

where x  is the arithmetic mean fibre length within fiber length class i for tree j at height h and P 
is the proportion of total tree radius.

2.4.2	Volumes	and	volume	proportions	of	fibre	length	classes	

In order to calculate the volume and volume proportion of each fibre length class, the trees were 
divided into five sections. The sampling heights constituted the boundary between different sec-
tions. Thus, the stem sections were: 0–1.3 m (Base), 1.3 m to 20% of total tree height (Stem 1), 
20% of total tree height to the height of the living crown (Stem 2), height of living crown to 70% 
of total tree height (Stem 3), and 70% to 100% of total tree height (Top). Calculations were largely 
in accordance with the work of Alteyrac et al. (2006), although some modifications were made. 
The radii of fibre length classes (FLCR) were calculated as:

∑=
=

=
FLCR RW (7)ijh a

a pith

a TA

where TAijh	 is the transition age at fibre length i  in tree j at sampling height h and RW is the ring 
width. Two different transition ages were used: i = 1.5 mm and i = 2.5 mm.

Tree radius (TR) was calculated as:
 

∑=
=

=
TR RW (8)jh a

a pith

a bark

where RW is the ring width at cambial age a. The formula for a truncated cone was used to calcu-
late fibre length class volume (FLC_Vol_Stemijh) for class i and total volumes (Tot_Vol_Stemjh) for 
sections Stem 1, Stem 2, and Stem 3. The volume of stemijh is the part of the stem from the h–1th 
sampling height to the hth sampling height. 

= π × × + × +− −FLC Vol Stem h FLCR FLCR FLCR FLCR_ _
3

[( ) ( ) ] (9)ijh ijh ijh ij h ij h
2

( 1) ( 1)
2

= π × × + × +− −Tot Vol Stem h TR TR TR TR_ _
3

[( ) ( ) ] (10)jh jh jh j h j h
2

( 1) ( 1)
2

The formula for a cone was used to calculate fibre length class volume (FLC_Vol_Topijh) and total 
volume (Tot_Vol_Topjh) in the Top stem section. 

=
π × ×=FLC Vol Top

FLCR h
_ _

( )
3

(11)ijh
ij h( 70%)

2

=
π × ×=Tot Vol Top

TR h
_ _

( )
3

(12)jh
j h( 70%)

2

The formula for a cylinder was used to calculate fibre length class volume (FLC_Vol_Baseijh) and 
total volume (Tot_Vol_Basejh) in the Base stem section (0–1.3 m).
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= π × ×=FLC Vol Base FLCR h_ _ ( ) (13)ijh ij h( 1.3)
2

= π × ×=Tot Vol Base TR h_ _ ( ) (14)jh j h( 1.3)
2

Total tree volume (TotVol) and total volume in fibre length class i (FLCVol) were calculated as:

 = +
+ + +

TotVol Tot Vol Base Tot Vol Stem
Tot Vol Stem Tot Vol Stem Tot Vol Top

_ _  1 (15)
_  2 _ _  3 _

j j j

j j j

_ _

_ _

= +
+ + +

FLCVol FLC Vol Base FLC Vol Stem
FLC Vol Stem FLC Vol Stem FLC Vol Top

_ _ _  1 (16)
_ _  2 _ _ _

ij ij ij

ij ij ij

_

_

For i = 1.5–2.5 mm (TW zone), the volume was calculated as:

= =FLCVol FLCVol–  (17)i j i j2.5 1.5

For i = > 2.5 mm (MW zone), the volume was calculated as: 

=TotVol FLCVol–  (18)j i j2.5

Finally, the volume proportion of fibre length class i (FLCpropVolij) was calculated as:

= ×FLC Vol
FLCVol
TotVol

100 (19)prop ij
ij

j

2.5 Statistical analysis

Mean fibre length and ages of demarcation between the identified fibre length classes were ana-
lyzed at the different sample heights; wood type volume ha–1 and wood type volume proportions 
were also compared. Treatments within the same regime were compared in order to reveal if they 
differed significantly and if the division into regimes was relevant. Thereafter, comparisons were 
made, first between treatments and, second, between regimes, using the GLM procedure in the 
MINITAB statistical software (Minitab Statistical Software 2007). Significant differences (p ≤ 0.05) 
were analyzed using Tukey’s test.

3 Results

3.1 Transition ages

The analysis of variance revealed statistically significant differences in transition age below the 
green crown between regime type and also between treatments (Table 3). Most treatments started 
to produce 1.5 mm long fibres at about the same age. However, the results at breast height and at 
20% of total tree height indicate that the 1.5 mm length was reached at a relatively late age for 
treatments which comprised planting at a sparse spacing. However, the only statistically significant 
difference in this respect was found at breast height between treatments 10M and P600. At breast 
height and at 20% of total tree height, 1.5 mm long fibres were produced within 4.0 (300S) to 10.8 
(10M) years. The mature fibre length (2.5 mm) was reached within 17.1 (P600) to 28.2 (10M) years 
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at breast height and within 12.9 (NT) to 22.5 (10M) years at 20% of total tree height (Table 4). For 
all treatments, the mature state was reached at a lower age at 20% of total tree height compared to 
breast height. Significant statistical differences between treatments at 20% were detected between 
10M which differed from both NT and NP in terms of producing fibres of mature length (Table 4). 

At both breast height and 20%, the longest time taken to produce mature fibres occurred in 
trees managed in the Sparse regime. At breast height, it took, on average, 24.9 years before 2.5 

Table 3. Effects of treatments and regimes on transition ages between different fibre 
length classes at different tree heights, as shown by analysis of variance.

Variable Treatment Regime
df F P df F P

Breast height
Age at 1.5 mm 6 3.15 0.036 2 5.13 0.017
Age at 2.5 mm 6 1.81 0.169 2 3.27 0.062
Mean fibre length 6 2.05 0.126 2 4.53 0.025

20% of tree height
Age at 1.5 mm 6 2.14 0.112 2 6.49 0.008
Age at 2.5 mm 6 5.33 0.005 2 19.02 0.000
Mean fibre length 6 3.14 0.036 2 11.29 0.001

70% of tree height
Age at 1.5 mm 6 0.47 0.817 2 0.38 0.690
Age at 2.5 mm 6 0.62 0.711 2 0.65 0.536
Mean fibre length 6 2.72 0.058 2 5.38 0.015

Table 4. Number of year rings and mean ring width within different fibre length classes 
at breast height (BRH) and 20% of total tree height of the treatments examined. Dif-
ferent letters indicate significant differences. 300L = thinning leaving the 300 largest 
trees ha–1; 300S = thinning leaving the 300 smallest trees ha–1; P600 = PCT to 600 
stems ha–1 at a dominant height of 5m; NT = no thinning; NP = no PCT; 3M = 3 m 
spacing; 10M = 10 m spacing.

Treatment 0.3–1.5 mm 1.5–2.5 mm > 2.5 mm
No of years Ring width  

(mm year–1)
No of years Ring width  

(mm year–1)
Ring width  
(mm year–1)

BRH
300L 5.16ab 2.98a 14.30a 3.21a 1.60a

300S 5.35ab 2.48a 15.20a 1.99a 1.53ab

P600 4.47b 2.62a 12.59a 2.99a 1.51ab

NT 5.40ab 2.29a 11.68a 2.22a 1.05ab

NP 7.08ab 3.21a 13.40a 1.74a 0.73b

3M 6.75ab 3.16a 14.96a 2.98a 1.30ab

10M 10.81a 3.63a 17.38a 2.86a 1.40ab

20%
300L 4.42a 3.56a 11.35ab 3.64a 1.80a

300S 4.03a 3.78a 11.36ab 2.22b 1.44ab

P600 5.45a 3.01a 11.62ab 3.23ab 1.42ab

NT 4.60a 3.56a 8.28b 2.45ab 1.14ab

NP 4.58a 3.46a 8.85b 2.46ab 0.82b

3M 7.05a 3.72a 14.64ab 2.83ab 1.26ab

10M 6.82a 3.57a 15.72a 3.75a 1.46ab
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mm long fibres were produced in the Sparse regime while it took 18.8 and 19.0 years for Dense 
and Dense/Sparse respectively to produce mature fibres. These differences were not statistically 
significant. However, the time taken before 1.5 mm long fibres were produced differed statistically 
between the Dense/Sparse and Sparse regimes (Table 5). 

At 20% of the total tree height, the Sparse regime differed statistically in a negative way 
from the two other regimes in terms of time before producing both 1.5 and 2.5 mm long fibres. 
At that height, the Dense regime reached mature fibre length in 13.2 years which was the signifi-
cantly shortest time. Corresponding figures for the other regimes were 16.1 (Dense/Sparse) and 
22.1 (Sparse) years (Table 5).

3.2 Mean fibre length, and proportions of fibre length classes 

Mean fibre length was found to be influenced by both treatment and regime type (Table 3). The 
greatest mean fibre length was found below the green crown in all regimes. The Sparse regime 
showed the lowest mean fibre length at all sample heights. However, there were large between-tree 
variations. Compared to the Dense regime, the fibre length in the Dense/Sparse regime decreased 
with increases in tree height (Fig. 1).

The treatments 300L, P600 and 300S had the lowest proportions of wood containing fibres 
shorter than 1.5 mm (Fig. 2). The highest proportion of the JW fibre length class was found in 
trees managed in the Sparse regime, although differences were generally small and not statistically 
significant. Both regimes with initial high stand stem densities produced a significantly higher 
proportion of MW (fibres longer than 2.5 mm) compared with the trees growing in the Sparse 
regime. This difference was rather consistent for every treatment included in the regimes (Fig. 2). 
The difference was apparent in every stem section analyzed (Fig. 3). Consequently, the Sparse 
regime displayed high proportions of TW. Mean tree volume and volume by fibre class at different 
tree heights for the regimes is further shown in Fig. 4. 

Table 5. Number of year rings and mean ring width within different fibre length classes at 
breast height (BRH) and 20% of total tree height of the regime types examined. Different 
letter indicate significant differences. Dense/Sparse = a high initial stand density followed 
by high intensity pre-commercial thinning/commercial thinning, Dense = a continuous 
high stand density and Sparse = a continuous low stand density.

Regime type 0.3–1.5 mm 1.5–2.5 mm > 2.5 mm
No of years Ring width  

(mm year–1)
No of years Ring width  

(mm year–1)
Ring width  
(mm year–1)

BRH
Dense 6.24ab 2.75a 12.54a 1.98b 0.89b

Dense/Sparse 4.99b 2.69a 14.03a 2.73ab 1.54a

Sparse 8.78a 3.40a 16.17a 2.92a 1.35a

20%
Dense 4.59b 3.51a 8.56c 2.46a 0.98b

Dense/Sparse 4.63b 3.45a 11.44b 3.03a 1.55a

Sparse 6.94a 3.64a 15.18a 2.29a 1.36a
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Fig. 2. Volume proportions of different fibre length intervals in all trees examined in each regime and mean 
values for the different principal management regimes (Dense/Sparse = a high initial stand density followed 
by high intensity pre-commercial thinning/commercial thinning, Dense = a continuous high stand stem 
density and Sparse = a continuous low stand stem density); bars denote standard deviations. 300L = thin-
ning leaving the 300 largest trees ha–1; 300S = thinning leaving the 300 smallest trees ha–1; P600 = PCT to 
600 stems ha–1 at a dominant height of 5 m; NT = no thinning; NP = no PCT; 3M = 3 m spacing; 10M = 10 m 
spacing.

Fig. 1. Mean fibre length at the sample heights of the management regimes examined. Solid 
line represents Dense/Sparse (= a high initial stand density followed by high intensity pre-
commercial thinning/commercial thinning), dashed line represents Dense (= a continuous 
high stand stem density) and dotted line denote Sparse (= a continuous low stand stem 
density); bars denote standard deviations. 
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Fig. 3. Proportions of wood with fibres longer than 2.5 mm in relation to the total wood volume in five inves-
tigated stem sections from the base to the top of sample trees (Base = 0 to 1.3 m; Stem 1 = 1.3 m to 20% 
of total tree height; Stem 2 = 20% of total tree height to the height of the living crown; Stem 3 = height of 
the living crown to 70% of total tree height; Top = 70% of total tree height to 100% of total tree height). 
Different letters indicate significant differences between silvicultural regimes (Dense/Sparse = a high initial 
stand density followed by high intensity pre-commercial thinning/commercial thinning, Dense = a continu-
ous high stand stem density and Sparse = a continuous low stand stem density). Squares denote Dense/
Sparse regime, circles represent Dense regime and triangles show Sparse regime.

Fig. 4. Development of mean tree volume and wood volume by fibre length class with tree height in silvi-
cultural management regimes with a high initial stand density followed by high intensity pre-commercial 
thinning/commercial thinning (a), a continuous high stand stem density (b) and a continuous low stand 
stem density (c). 
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4 Discussion 

4.1 Effects of stand density on the proportion of juvenile wood, fibre length and 
associated quality traits

The results indicate that the choice of silvicultural regime can be a significant parameter that 
influences the volume of MW formed during one rotation period. The proportion of mature wood 
was clearly lower in the Sparse regime compared to both regimes with initially high stand stem 
densities. This indicates that the early environmental conditions that a tree faces are of great 
importance to the wood quality output produced over a rotation period. It also seems as if, in this 
respect, the negative effects of an initial sparse stand density are maintained throughout the major 
part of the life cycle of the trees. In the Dense/Sparse regime the proportion of JW amounted to 
2.5–5% whereas corresponding proportions in Dense and Sparse regimes were 4–9 and 4.5–16% 
respectively. Therefore, the results indicate that the proportion of JW can be kept at a low level if 
initially slow grown trees are retained after high intensity thinning. However, mean fibre length 
in the upper part of the stem seems to be somewhat shorter in such a regime, compared to a non-
thinning regime. This conclusion is further supported by Jaakkola et al. (2005), as they showed 
that Norway spruce (Picea abies) fibres were 4–9% shorter after intensive thinning than after low-
intensity thinning. By applying appropriate management regimes, high quality wood and fibres 
for specific end-uses could be produced. Thereby, less focus on high volumes would be needed 
within the forest industry. However, whether it would be profitable to adjust silvicultural regimes 
according to expectations on fibre lengths require further research.  

The shortest mean fibre length was found in trees growing in a regime where the distances 
between trees were kept relatively high throughout the rotation period. Short fibres have also previ-
ously been noted in widely-spaced plantations (Yang and Hazenberg 1994). Fibre morphology is 
an important parameter for paper quality properties as it influences strength and optical properties 
(Barefoot et al. 1966; Seth and Page 1988).  According to Cao et al. (2008), the pulpwood price 
can be expected to increase by 2% for each 0.5 mm increase in fibre length. Therefore, regimes 
with initial low stand densities may not be optimal if the overall aim is to produce pulp and paper. 
Moreover, short fibre lengths have been associated with a large microfibril angle (Megraw 1985) 
which, in turn, contributes to low strength and stiffness in wood. According to results presented 
by Auty et al. (2013), the microfibril angle of Scots pines (with a ring width of 4 mm) decreases 
from about 25° to 20° within the JW zone. This decrease indicates that the modulus of elasticity 
(MOE) is about 23% (Cave 1968) higher in MW compared to JW. Similarly, a high initial stand 
density seems to have positive effects on the occurrence of knots and tapering (Persson 1977), 
branch diameter growth (Johansson 1992; Varmola and Salminen 2004) and relative density (Yang 
and Hazenberg 1994; Yang 2002). Thus, young, dense forests seem to be able to produce trees with 
several commercially preferred wood quality traits. 

4.2 Transition ages

Treatment results indicated that it took longer for the trees that initially faced little competition to 
form fibres of mature length. At breast height, the mature state was reached within 17–28 years, 
which corresponds to previous findings for Scots pine. Using density as the defining parameter, 
Mutz et al. (2004) found that the transition to mature wood occurred between 18 and 27 years, 
whereas Sauter et al. (1999) reported the age to be 22 years. Fries et al. (2003) measured fibre 
length and concluded that the transition age was 16. By comparison of conceptual regimes, we 
found the stated hypothesis to be true. On average, trees within the Sparse regime formed mature 
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wood five years later than the other regimes at breast height and six (compared to Dense/Sparse 
regime) to nine (compared to Dense regime) years later at 20% of total tree height. Similar results 
about the effects of the initial spacing have been presented for Norway spruce (Kucera 1994). 
Also, results presented by Eriksson et al. (2006) suggest that the initial growing conditions of a 
tree can regulate the timing of the transition between JW and MW. Clark and Saucier (1991) and 
Yang (1994) did not, however, find that the transition age between JW and MW was affected by 
the initial spacing, a finding which was further supported by Alteyrac et al. (2006). In the current 
study, transition ages decreased between breast height and 20% of total tree height. There was 
a significant difference in the age at which the fibre length reached 2.5 mm between Dense and 
Dense/Sparse regimes at 20% of the total tree height, indicating that thinning/PCT treatments have 
had some effect at that height.  

Briggs and Smith (1986) concluded that with a large tree crown, the juvenile period is pro-
longed and more JW will be produced. In Norway spruce, Kucera (1994) found that the transition 
zone coincided with the culmination of current annual height increment. Furthermore, Bendtsen 
and Senft (1986) described how planted stands were likely to display higher relative amounts of 
JW than naturally regenerated stands would. Clark and Saucier (1991) found that the JW diameter 
increased with initial spacing and Yang (1994) has reported a juvenile zone whose area is about 
four times greater in 3.6 × 3.6 m spaced stands than that in 1.8 × 1.8 m spaced stands for white 
spruce and black spruce. Zobel and van Buijtenen (1989) reported that a decreased JW diameter 
in tight spacings does not necessarily result in a smaller percentage of JW. Instead, they found an 
increased proportion of JW in such plantations due to a low total tree basal area. 

4.3 Study design

As well as traditional comparisons of treatments, this study was designed to compare trees with 
different silvicultural backgrounds, including different detailed treatments. To reduce the number 
of laborious analyses, the sampling procedure was restricted to three sample trees from each treat-
ment and to four sampling heights at each tree. The procedure of randomly selecting sample trees 
will most likely have led to larger variations within regimes than if, for instance, trees mirroring 
the average tree within the stand had been consistently selected. However, variations between trees 
within regimes were still much smaller than the variations between regimes and this study there-
fore demonstrates the potential of regulating wood quality by the choice of silvicultural regime. 
Moreover, the results demonstrate that the initial environment affects the wood quality output 
for most of the rotation period. Using a similar approach, Eriksson et al. (2006) also managed to 
demonstrate that management regimes can be used as a tool to regulate structural characteristics 
and mechanical properties within trees. In the current study, the study sites were located in the 
same geographical area and they were all of comparable site quality. Therefore, they would all 
have experienced similar abiotic factors meaning that the silvicultural background might be an 
explanatory parameter for any differences in fibre length development. Mansfield et al. (2009) 
previously showed that site had no significant effect on the transition age as determined by fibre 
length. However, genetic variations between tree individuals can be of influence (Abdel-Gadir and 
Krahmer 1993; Gapare et al. 2006). 

The fibre length limits used to describe the different wood types was based on findings for 
Norway spruce. According to the difference in fibre length between Norway spruce and Scots pine 
showed by Duchesne et al. (1997), the proportion of MW might have been slightly underestimated 
in the current study.
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4.4 Conclusions

The results of this study indicate that wood properties and quality to some degree can be regu-
lated by silvicultural long-term strategies. Initial stand stem densities were found to influence the 
juvenile to mature transition age. Management regimes including low initial stand stem numbers 
are therefore likely to result in short mean fibre length and display relatively low proportions of 
mature wood. Moreover, it was found that the proportion of juvenile wood could be regulated by 
high intensity thinning. Importantly, the early environmental conditions that a tree faces have a 
large impact on the overall wood quality throughout most of its life cycle. Thus, this study high-
lights that long-term strategies implemented at juvenile stand ages can be important tools in order 
to produce wood raw materials suited for specific end-uses. 
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